Effects of Material and Structural System on Drying Shrinkage Behavior  by Srisoros, W.
Available online at www.sciencedirect.com
The Twelfth East Asia-Pacific Conference on Structural Engineering and Construction 
Effects of Material and Structural System on Drying 
Shrinkage Behavior 
W. SRISOROS 
Department of Civil Engineering, Kasetsart University, Thailand 
Abstract 
This article aims to investigate the effects of material and structural system, specifically concrete strength and 
restrained level on drying shrinkage via the time dependent model. This model consists of Rigid-Body-Spring 
Network (RBSN) and modified solidification concept. In the analysis, the series of each effect were analyzed and 
investigated by varying concrete strengths and restrained levels represented for material and structural system, 
respectively. As the results, the time that the first crack occurs is not in direct proportion to the increase in concrete 
strength and restrained level but they have the same tendency. Therefore, the proper value of concrete strength and 
moisture humidity should be examined before designing the structure. Furthermore, it is not suitable to apply 
comparative results between tensile stress and tensile stress when basing a prediction on the cracking times, since 
tensile stress in the specimens is lower than the tensile strength at the cracking period. Also, stress histories and 
accumulated permanent damages in early concrete were founded to be the major effect of concrete cracking. 
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1. INTRODUCTION
It is known that tensile strength of concrete represented for material effect being developed at the 
period of initial setting should be sufficiently high to accommodate the actual tensile stresses under 
drying shrinkage process; otherwise concrete will crack. Also restrained level represented for structural 
system should not be quite high, otherwise crack can easily apparent by drying shrinkage. Therefore, the 
effects of concrete strength and restrained level on drying shrinkage process should be investigated. In 
this study, the time dependent model (Nakamura et al. 2006) will be applied to analyze drying shrinkage 
behavior both before and after cracking. Before studying, however, the possibility and accuracy of the 
unification model will be clarified under drying shrinkage condition by comparing with the experiment. 
2. THE UNIFICATION MODEL 
The time dependent model called unification model is consists of concrete structural model and mass 
transfer model, as shown in Figure 1. 
2.1 Concrete structural model 
For analyzing cracking behavior of concrete structure, Rigid Body Spring Network (RBSN) as 
proposed by Kawai in 1978 will be utilized with voronoi random mesh. Regarding to RBSN, concrete is 
modeled as an assemblage of the rigid particle elements interconnected by zero-size springs consisting of 
normal, shear and rotation springs. Each rigid particle has two translations and one rotational degree of 
freedom defined at the nuclei within. Moreover, random geometry and position of Voronoi mesh are 
applied in order to reduce mesh bias on potential crack directions (Bolander and Berton 2004). 
Structural model Truss model
Figure 1: The unification model. 
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Figure 2: Quasi-three dimensional diffusion. 
2.2 Moisture diffusion model 
In order to evaluate the behavior of concrete under drying shrinkage process, moisture diffusion in 
concrete will be analyzed by using truss network model. A simplified one-dimensional diffusion equation 
using truss elements with Darcy’s law, as shown in Figure 2, is employed to carry out mass transfer in 
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bulk concrete. Moreover, another truss network will be generated on the Voronoi boundaries in order to 
consider moisture diffusion through crack opening for more accurate result and realistic. 
3. MATERIAL MODEL OF EARLY AGE CONCRETE 
3.1 The modified solidification concept 
Since, drying shrinkage in concrete occurs after casting, the properties of concrete depend on time. 
Based on the solidification concept, the modified solidification concept proposed by Srisoros. 2006 was 
applied to prescribe the variation of early age concrete properties both before and after cracking. By using 
the concept of solidified concrete at each age, as shown in Figure 3, volume function, v(t) of concrete 
depends upon time and relates to the cement hydration. Moreover, other properties of concrete such as 
Young’s modulus, strength and fracture energy are assumed to have the same function as volume function. 
Equation (1) represents the incremental stress at each time in which t = total time, W = time at each step 
and v(t) = specific total volume of solidified elements. VG and H denote stress and strain corresponding to 
global load, respectively. 
 
   
   
H
HW
W
WHH
H
WHHH
H
WH
H
VV
W
W
dD
dd
v
f
dvdf
vd
t
t
G
 
»¼
º
«¬
ª 
w
w³ w
w 
³ w
w 
''¦ 
'
' 
0
0
 (1) 
1t 2t 3t
t
t
1v
2v
3v
0.1
 1tH
 2tH
 tH
 1tdv
 3tdv
 2tdv
  cftdv c1
  cftdv c3
V
v
2V
 tH
3V 1V
  cftdv c2
Stress-strain of each 
solidified element
Loading histories
Volume function
Figure 3: Concept of modified solidification. 
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model. 
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3.2 Strength of concrete 
The fracture criterion in RBSN is not based on a tensorial measure of stress, but it represents the 
average stresses acting normally and tangentially to the particle interface. The normal springs represent 
the tensile and compressive behavior of concrete as shown in Figure 4. In this study, tensile fracture 
energy Gft is set to 0.1 N/mm. The tangential springs represent the shear transfer mechanism of uncracked 
and cracked concrete. The shear strength is assumed to the Mohr-Coulomb type criterion, as shown in 
Figure 5. The cohesion c, internal friction angle I and \, are set to 0.138f'c, 37q and 0.5, respectively. The 
shear transfer capacity at crack interfaces depends on crack opening (Saito 1999). 
4. THE CLARIFICATION OF THE TIME DEPENDENT MODEL 
4.1 Outline of experiment 
Kojima et al. 1993 performed the uniaxial restrained drying shrinkage test to investigate the behaviors 
of concrete as shown in Figure 6. The compressive strength of concrete at 90 days is 42.2 MPa. Young’s 
modulus and cross sectional area of restrained steel is 200 GPa and 353 mm2, respectively. Free drying 
shrinkage was tested with the rectangular concrete specimen of 100 x 100 x 500 mm under the same 
atmospheric condition as drying shrinkage test. 
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Figure 5: Mohr-Coulomb criterion for shear. 
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Figure 6: Experimental and numerical models. 
4.2 Outline of numerical analysis 
The numerical model with 1000 Voronoi elements was generated, as shown in Figure 6. The humidity 
content of specimens was set to 100% as an initial condition. The volume function, v(t) with respect to 
time, t can be derived from compressive strength of concrete obtained from experiment. 
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The effect of creep at early age was considered by using correction factor of Young’s modulus \(t)
proposed by JSCE Standard. \(t) = 0.73 and 1.0 for up to three days and after five days, respectively. 
Parametric analysis of free drying shrinkage test was used to obtain the values of water transfer 
coefficient (D1,D2) and shrinkage coefficient Dsh. Sakata and Kuramoto 1981 defined the moisture 
diffusivity within bulk concrete Dw to 30 mm
2/day. Ayano and Sakata 1999 defined the Moisture 
diffusivity within cracks Dcr to 218 mm
2/day. Table 1 lists the concrete properties obtained from 
experiment, parametric analysis and literature. 
Table 1: Concrete properties. 
Concrete Properties Value 
Tensile strength, ft (90) (MPa) 4.22 
Young’s modulus, E (90) (MPa) 4.22u 104
Moisture diffusivity within bulk concrete, Dw (mm2/day) 30 
Water transfer coefficient, D1 (mm/day) 0.1 
Water transfer coefficient, D2 (mm/day) 1.3 
Shrinkage coefficient, Dsh 0.00271 
Moisture diffusivity through cracks, Dcr (mm2/day) 218 
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Figure 7: The average restrained strains. 
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Figure 8: The comparison of crack widths. 
4.3 Comparison results 
As shown in Figure 7, the numerical results from the constant elasticity show higher strain histories 
than the experimental results while the results from the modified solidification concept show the similar 
strain histories to the experimental results. Through crack occurs at 80 and 78 days for experimental and 
numerical results, respectively. Figure 8 displays the comparison of crack widths. After through crack 
occurred, crack width suddenly spread out up to 0.25 mm and gradually increased with an increase in 
time which has the same behavior as experiment. Therefore, the combination model between the 
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unification model and the modified solidification concept well simulated drying shrinkage process as 
discussed. 
5. INVESTICATIONS OF THE EFFECTS ON DRYING SHRINKAGE 
5.1 Effect of concrete strength  
To investigate the effect of concrete strength on drying shrinkage behavior, three specimens with 10% 
decrease, 10% increase and 20% increase in concrete strengths from the experiment (hereinafter referred 
to as specimens A, B and C, respectively) were analyzed by using the unification numerical model. Figure 
9 shows the results of average restrained drying shrinkage strain. As can be seen, through crack occurred 
at 50, 82 and 83 days for specimens A, B and C, respectively. As the result, the time that the first crack 
occurs is not in direct proportion to the increase in concrete strength. It is implied that to expand the 
cracking time, the cost of increasing concrete strength may not be worth investing. Figure 10 shows the 
important information that the failure stresses of each specimen were always lower than the nominal 
tensile strengths of concrete. Therefore, it can be concluded that it is not adequate to predict the cracking 
in concrete based on a traditional comparison between tensile stress and tensile strength which is similar 
to the experimental results performed by Salah and David (2001) as well. 
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Figure 10: The average restrained stresses. 
5.2 Effect of restrained level  
The effects of 50% and 200% restrained rate on drying shrinkage condition were investigated by 
changing the rigidity ratio as shown in the following equation. 
Rigidity Ratio = 
cc
ss
AE
AE
 (3) 
where Es and As are Young’s modulus and cross sectional area of restrained steel, respectively. Also, 
Ec and Ac are Young’s modulus and cross sectional area of concrete specimen at the middle section, 
respectively. As the results in Figure 11, in the case of 200% restrained rate, through crack occurred at 44 
days which is earlier than 100% restrained specimen but average restrained drying shrinkage strains has 
lower value than 100% restrained specimen. In the case of 50% restrained rate, through crack occurred at 
89 day which is later than 100% restrained specimen but average restrained drying shrinkage strains has 
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higher value than 100% restrained specimen. As the results, it can be confirmed that lower restrained 
level can delay the cracking times in the structure due to drying shrinkage. Therefore, during design 
concrete structures at the designing period, the effect of restrained both internal and external system 
should be carefully considered to avoid the initial crack caused by drying shrinkage behavior.  
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Figure 11: The average restrained strains. 
6. CONCLUSIONS 
This study reveals the influences of material and structural system represented for concrete strength 
and restrained level on the concrete structural behavior under drying shrinkage condition. Under the 
condition of this research, the following can be concluded: 
The cracking dates are not in proportion to the changes of concrete strength and restrained level but 
they have the same tendency. The results from these effects suggest that stress evolution in the early age 
is not driven by concrete strength or restrained level only. The complex combination of concrete strength, 
restrained level and others seems to exist. After considering stress histories and accumulated permanent 
damages in early concrete, it was found that they have significant impact on cracking behavior, in which 
crack occur sooner than the prediction. Therefore, it is not adequate to base a prediction of cracking on an 
analysis of the traditional comparison between tensile stress and tensile strength. Moreover, it should be 
kept in mind that the higher restrained levels both internal and external system, the sooner initial cracks 
occur.
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